The photoluminescence observed in ABO 3 type perovskite in their highly structural disordered state can be explained by a model in which is assumed a distribution of electronic states localized within the energy band gap coupled to lattice local vibrational states. The model fits very well the experimental results and indicates that photoluminescence in the visible region can be considered as a general behavior of disordered solids. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1494464͔
Photoluminescence ͑PL͒ in solid materials is always resulting from radiative decay of electronic transitions. In semiconductors, the PL comes from band to band transition or excitonic states while in insulators from impurities, as transition metal or rare earth ions. Some few cases that are not exactly explained by these two mechanisms have been reported, as porous silicon or nanometric particles. In these cases, the most accepted origin of the PL is of electronic transitions from unpaired states of atoms in the surface with dangling bonds. 1 Recently, it was reported intense PL emission from amorphous ABO 3 type perovskites such as BaTiO 3 ͑BT͒, CaTiO 3 ͑CT͒, PbTiO 3 ͑PT͒, SrTiO 3 ͑ST͒, and related materials as ͑Ba, Sr͒ TiO 3 ͑BST͒ and Pb͑Zr,Ti)O 3 ͑PZT͒ in powder samples or thin solid film on silicon substrate. 2 Details of the preparation method, the polymeric precursor, can be found in Ref. 3 . These materials have, in their crystalline state, energy band gaps at about 3-4 eV. In their amorphous state, it was observed by x-ray absorption near edge spectroscopy ͑XANES͒ measurements fivefold and sixfold oxygen titanium coordination. 3 This is indicative that the solid is in the beginning of its crystallization. As it is well known, the details of the band structure in solids are mainly determined by the potential within the unit cell rather than by long-range periodicity. It is expected than, even in the highly disordered state, a solid presents an energy band gap, although not well defined as in the crystalline state. This assertion is corroborated by optical reflectance measurements ͑see Fig. 3 of Refs. 2 and 3͒.
In this letter a model will be presented to explain the broad and intense photoluminescence in the visible region observed at room temperature in disordered perovskites, in which will be assumed that it comes from band to band transition. The basic hypothesis is the material to have high degree of structural disorder, enough to generate many localized electronic states within what would be the normal crystalline band gap, generating a new smaller ''effective'' gap. For the particular case of crystalline SrTiO 3 , first principle molecular calculations indicate that the conduction band is formed mainly by 3d and 4s states of the titanium and strontium, respectively, while the valence band by the 2p states of the oxygen ͑the complete results were submitted for publication͒. 4 These calculations also showed that the energy band gap is strongly dependent on the distance Ti-O: for fivefold oxygen coordination, there is a reduction of about 20%-30% in the energy band gap. As in the beginning of crystallization there is the occurrence of six-and fivefold oxygen titanium coordination, with a distribution of Ti-O bond lengths, may be expected a distribution of electronic levels.
The model is based on the hypothesis that in highly structural disordered materials, instead of a well-defined energy band gap characteristic of the crystalline state, there is a distribution of localized electronic states, starting below the bottom of the conduction band, from a minimum energy E m and extending above it, as depicted in Fig. 1 . Assuming these states coupled with local vibrational modes, each electronic level is composed by a uniform distribution of vibronic states, allowing vibronic transitions. Under optical excitation (E ex ), states below E ex are populated from the ground level. After the nonradiative relaxation, light is emitted from another vibronic states to the ground level. Since the electronic states are spread, emission and absorption are broad. Our photoluminescence excitation ͑PLE͒ measurements corroborated this hypothesis.
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The radiative transition intensity for a given electronic level without thermal excitation is given by
where n is a vibronic level in excited state, m is a vibronic level in ground state, and a is the mean phonon number. Since the material lacks on long-range order, the phonons involved in vibronic transition have no well-defined frequency. They will be substituted by a distribution around a main frequency, w 0 . For a wide phonon distribution one has, in the continuous limit
where n and m now assume continuous values and are related to the energy levels by nϭx/បw 0 ; mϭy/បw 0 ͑x,y defined in Fig. 2͒ and ⌫ is the gamma function.
With the uniform distribution for all levels, for a given E ex , E L ͑luminescence energy͒, a and E m the PL intensity is given by
͑3͒
where pϭ(E ex ϪE L )/បw 0 , Fϭ(E ex ϪE m )/បw 0 and ⌬ ϭ⌬E/បw 0 . With thermal excitation the intensity is given by
where tϭT/បw 0 , ␦ 1 ϭ␦ y /បw 0 and ␦ 2 ϭ␦ x /បw 0 . from Eq. ͑4͒. The peak position changes as the excitation energy decreases, approaching to E m .
The typical band emissions from disordered material powder samples at room temperature are shown in Fig. 4 ͑full line͒. Their main characteristics are broadbands with a shoulder at the low energy side. Since the vibrational density of states for these types of materials shows generally two maxima at about 300 and 700 cm Ϫ1 and the transition probability increases with frequency squared, the most important contribution was considered in the present calculations to come from the more energetic band. 6 The scattered curves are Eq. ͑4͒ results, assuming បw 0 ϭ700 cm Ϫ1 , tϭ0.6, a ϭ3, Fϭ7 for band I ͑excitation at 457.9 nm͒, Fϭ3.5 for band II ͑excitation at 488 nm͒, and Fϭ2 for band III ͑exci-tation at 514.5 nm͒. The agreement is very good assuming E m ϳ18 100 cm Ϫ1 for bands II and III. For band I the best fitting results from E m ϳ16 500 cm Ϫ1 . This discrepancy can be attributed to the simple assumption about the density of states. The values of E m determined from our PLE measurements are at about 1.7 eV. Figure 5 shows the emission peak position as a function of exciting wavelength for different materials ͑symbols͒ and the dashed lines are Eq. ͑4͒ results assuming two values for the mean phonon number ͑2 and 3͒. Although assuming the same E m for all materials, the modeled behavior fits the experimental results very well.
It is interesting to notice that similar PL emission was also observed in highly disordered PT obtained from the crystalline state by high-energy mechanical milling and in other materials prepared by the same route as shown in Table I . 7 Summarizing, with a model involving localized electronic states coupled to vibrational modes, a general behavior of photoluminescence for noncrystalline solids can be explained. The agreement between model and experimental results for the case of highly disordered ABO 3 type perovskites is very good. As a consequence of this theoretical model it can be inferred that materials with an energy band gap above the visible can be turned photoluminescent in the visible region if it is sufficiently disordered to generate high density of electronic states coupled to vibrational modes, resulting in a distribution of vibronic states.
